Highlights d ZCN8 underlies a major QTL for flowering time detected in maize-teosinte populations d Two independent cis-variants in the ZCN8 promoter affect maize flowering time d Two cis-variants in ZCN8 arose in a stepwise manner to enhance maize adaptation d The pre-Columbian spread of maize involved numerous loci with distinct features In Brief Guo et al. show that two independently associated variants in the ZCN8 promoter control natural variation in maize flowering time. They demonstrate that the two cis-variants arose in a stepwise manner and played distinct roles in maize adaptation to higher latitudes. They finally propose a polygenic map for the pre-Columbian spread of maize.
SUMMARY
Maize (Zea mays ssp. mays) was domesticated in southwestern Mexico $9,000 years ago from its wild ancestor, teosinte (Zea mays ssp. parviglumis) [1] . From its center of origin, maize experienced a rapid range expansion and spread over 90 of latitude in the Americas [2] [3] [4] , which required a novel flowering-time adaptation. ZEA CENTRORADIALIS 8 (ZCN8) is the maize florigen gene and has a central role in mediating flowering [5, 6] . Here, we show that ZCN8 underlies a major quantitative trait locus (QTL) (qDTA8) for flowering time that was consistently detected in multiple maize-teosinte experimental populations. Through association analysis in a large diverse panel of maize inbred lines, we identified a SNP (SNP-1245) in the ZCN8 promoter that showed the strongest association with flowering time. SNP-1245 co-segregated with qDTA8 in maize-teosinte mapping populations. We demonstrate that SNP-1245 is associated with differential binding by the flowering activator ZmMADS1. SNP-1245 was a target of selection during early domestication, which drove the pre-existing early flowering allele to near fixation in maize. Interestingly, we detected an independent association block upstream of SNP-1245, wherein the early flowering allele that most likely originated from Zea mays ssp. mexicana introgressed into the early flowering haplotype of SNP-1245 and contributed to maize adaptation to northern high latitudes. Our study demonstrates how independent cis-regulatory variants at a gene can be selected at different evolutionary times for local adaptation, highlighting how complex cis-regulatory control mechanisms evolve. Finally, we propose a polygenic map for the pre-Columbian spread of maize throughout the Americas.
RESULTS AND DISCUSSION

ZCN8 Underlies a Major Flowering-Time QTL Detected in Multiple Maize-Teosinte Mapping Populations
To identify genetic factors contributing to maize flowering-time adaptation, we previously conducted QTL mapping for days to anthesis (DTA) in a large population of 866 maize-teosinte BC 2 S 3 recombinant inbred lines (RILs) derived from a cross between the temperate maize inbred line W22 and CIMMYT accession 8759 (a typical accession of Zea mays ssp. parviglumis, hereafter referred to as 8759) [4, 7] . Among the mapped loci, a large-effect flowering-time QTL, qDTA8, was detected at bin 8.05 on chromosome 8 [4, 7] ( Figure 1A ). Interestingly, qDTA8 was consistently detected in five additional newly developed maize-teosinte BC 1 S 4 RIL populations derived from crosses between five teosinte inbred lines (TIL01, TIL03, TIL11, TIL14, and TIL25) and the common maize parent W22 ( Figure 1A ). TIL01, TIL03, TIL11, and TIL14 belong to Zea mays ssp. parviglumis, while TIL25 belongs to Zea mays ssp. mexicana. The teosinte alleles at qDTA8 in these six maize-teosinte experimental populations consistently exhibited the effect of delaying flowering under long days relative to the maize allele ( Figure 1B ). It is interesting to note that Liu et al. (2016) [8] performed QTL mapping for flowering time in a large set of near-isogenic introgression lines from 10 teosinte accessions in the B73 background and also detected a large-effect QTL around qDTA8, with teosinte alleles exhibiting the effect of delaying flowering relative to the B73 allele. In addition to maize-teosinte populations, significant flowering-time QTLs around qDTA8 were also detected in various maize germplasm [3, [9] [10] [11] [12] . These consistent detections of qDTA8 in distinct maize-teosinte and maize populations indicated that qDTA8 might be an important locus regulating maize flowering-time variation and adaptation.
To identify possible candidate genes underlying qDTA8, we analyzed the 2-LOD support intervals of qDTA8 in the six maize-teosinte mapping populations. Interestingly, the support intervals of qDTA8 in the six populations overlapped in a 495-kb physical region that contains 14 annotated genes in the maize reference genome (AGPv3) ( Figure 1C ). Among these annotated genes, GRMZM2G179264 corresponds to ZCN8, which is homologous to Arabidopsis FLOWERING LOCUS T (FT) and has been shown to be the most likely maize florigen gene [5, 6] . ZCN8 is transcribed and translated in leaves and then moves via the phloem to the shoot apical meristem (SAM) where it interacts with the DELAYED FLOWERING1 (DLF1) protein [13] to activate downstream floral organ identity genes [5, 6, 14] . Due to its crucial role in mediating maize flowering, ZCN8 has been frequently assumed as the most likely candidate gene of flowering-time QTLs mapped around the region in previous studies [3, [8] [9] [10] [11] [12] . Interestingly, several genome-wide association studies for flowering time also detected a few significant SNP associations near the ZCN8 region, which were considered as the causal factors of the Vgt2 QTL that is 8 Mb apart from Vgt1 [15, 16] , a major flowering-time QTL that has been cloned [17] . However, how ZCN8 affects natural variation in flowering time and contributes to maize flowering-time adaptation remains largely unknown.
SNP-1245 at the ZCN8 Promoter Shows the Strongest Association with Flowering Time
To test whether ZCN8 affects the natural variation in maize flowering time, we conducted an association analysis by sequencing ZCN8 and its upstream and downstream regions in a panel of 513 diverse maize inbred lines that were scored for DTA under natural long days in Beijing (39.9 N, 116.4 E), China [18] (Data S1). A total of 101 variants (74 SNPs and 27 indels) with minor allele frequency (MAF) R0.05 were identified across the 6.3-kb sequenced region around ZCN8 ( Figure 1D ). Using a mixed linear model that corrects for population structure and pairwise relatedness among individuals [19] , we tested the sequence variants for association with DTA in the maize association panel. A total of 13 sequence variants showed a significant association with DTA after Bonferroni multiple test correction (p < 4.95E-04) ( Figure 1D ; Table S1 ). Among these associated variants, a SNP (SNP-1245, G > A variant located 1.2 kb upstream of ZCN8) in the promoter region showed the strongest association with DTA (p = 3.88E-07) ( Figure 1D ; Table S1 ). At SNP-1245, the SNP-1245G allele exhibited the effect of delaying flowering relative to the SNP-1245A allele ( Figure 1D ). We further examined whether SNP-1245 was associated with DTA under natural short days in Sanya, China (18.1 N, 109 E) and photoperiod response that is defined as the difference in growing degree days (GDDs) to anthesis between long days and short days [4, 11] . SNP-1245 exhibited significant associations with DTA under short days (p = 5.0E-03) and photoperiod response (p = 1.0E-05).
To determine whether the associated variants could explain the common flowering-time QTL qDTA8 detected in the six maizeteosinte mapping populations, we sequenced the seven parents of the maize-teosinte mapping populations to examine their allelic states at the 13 significant variants. Interestingly, among the 13 significant variants, only SNP-1245 exhibited a completely consistent segregating pattern with qDTA8 across the six maize-teosinte mapping populations ( Figure 1F ; Table S2 ). The (C) ZCN8 is located in the overlapping region of qDTA8 in the six maize-teosinte populations. The arrows represent the 14 annotated genes in the reference genome in the overlapping region, and ZCN8 is indicated in red.
(D) Association analysis of sequence variants in the 6.3-kb region of ZCN8 for DTA in a panel of 513 diverse maize inbred lines. SNP-1245 and Indel-2339, which are independently associated with DTA, are indicated by red dots. The gene structure of ZCN8 is shown below the association analysis plot. The positions of SNP-1245 and Indel-2339 relative to the start codon are indicated. The inset shows the difference in flowering time (days to anthesis) between the SNP-1245 alleles (see also Tables S1 and S4; Data S1). (E) Linkage disequilibrium (LD) analysis of the 6.3-kb region of ZCN8 in the maize association panel. The two LD blocks (block 1 and block 2) are indicated.
(F) SNP-1245 co-segregates with qDTA8. The colored squares indicate the allelic states of the six teosinte parents and the maize parent (W22) at the 13 significantly associated variants. The green squares indicate that the teosinte parents carry the same allele as W22, while the yellow squares indicate that the teosinte parents carry a different allele from W22. SNP-1245 is highlighted in red (see also Table S2 ). six teosinte parents consistently carried the late-flowering SNP-1245G allele, while the maize parent W22 carried the early-flowering SNP-1245A allele ( Figure 1F ; Table S2 ). This highly congruence with QTL segregating patterns strongly suggests that SNP-1245 might be the functional variant of ZCN8 that underlies the common flowering-time QTL qDTA8 detected in the six maize-teosinte experimental populations.
SNP-1245 Affects ZCN8 Expression
SNP-1245 is located in the promoter region of ZCN8; therefore, it is presumed to cause difference in ZCN8 expression. From a heterogeneous inbred family (HIF) that is heterozygous only at qDTA8, we developed two near-isogenic lines (NILs), one homozygous for W22 and one homozygous for 8759 across the qDTA8 region, designated NIL(W22) and NIL(8759), respectively. W22 and 8759 are the maize and teosinte parents of the maizeteosinte BC 2 S 3 population, respectively. NIL(W22) and NIL(8759) were planted under natural long days to examine their differences in ZCN8 expression and flowering time. NIL(W22) flowered significantly earlier than NIL(8759) under long days (Figure 2A) . ZCN8 is mainly expressed in mature leaves near the floral transition [5, 6] . Consistent with the role of ZCN8 as a florigen, ZCN8 showed higher expression in NIL(W22) than in NIL(8759) (Figures 2B and S1). To examine the diurnal expression pattern of ZCN8 in NILs, we planted NIL(W22) and NIL(8759) under artificial long days and short days. As shown in Figure S1 , ZCN8 was diurnally regulated and was expressed at higher levels in NIL(W22) than that in NIL(8759) at most time points under both long days and short days.
To further verify whether SNP-1245 is associated with differential ZCN8 expression, we randomly selected 10 maize inbred lines carrying the SNP-1245A allele and 10 maize inbred lines carrying the SNP-1245G allele from the association population to investigate ZCN8 expression. As shown in Figure 2C , the maize lines carrying the early-flowering SNP-1245A allele showed significantly higher expression of ZCN8 than the maize lines carrying the late-flowering SNP-1245G allele. Taken together, these data indicated that SNP-1245 is associated with differential expression of ZCN8, consequently resulting in a difference in flowering time.
SNP-1245 Is Associated with Differential Binding of the Flowering Activator ZmMADS1
Given the regulatory importance of SNP-1245 in ZCN8 expression, SNP-1245 might be associated with alteration of conserved regulatory sequences. To test this hypothesis, we analyzed the sequences surrounding SNP-1245 using Plant-PAN 2.0 [20] . Interestingly, SNP-1245 flanks a CArG-box-like sequence that is a putative binding site for MADS-box transcription factors [21] . We speculate that SNP-1245 might affect the binding affinity of an upstream MADS-box transcription factor.
Recently, Alter et al. (2016) [22] identified ZmMADS1, a MADSbox transcription factor that is an ortholog of the flowering regulators SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) in Arabidopsis [23] and OsMADS50 in rice [24] . ZmMADS1 functions as a flowering activator in maize, in which downregulation of ZmMADS1 resulted in a delay of flowering time, while overexpression caused an early-flowering phenotype [22] . We examined the expression of ZCN8 in plants overexpressing ZmMADS1 and found that the expression level of ZCN8 was significantly increased compared with that in the wild-type ( Figure 2D ). However, in the two NILs for qDTA8, ZmMADS1 exhibited similar expression levels ( Figure 2E ). These results consistently suggested that ZmMADS1 functions upstream of ZCN8.
To determine whether ZmMADS1 could directly bind to the sequence surrounding SNP-1245, we performed an electrophoretic mobility shift assay (EMSA) ( Figure 2F ). The results showed that the oligonucleotide probe containing the A allele (W22) robustly bound the ZmMADS1 protein, whereas the oligonucleotide probe containing the G allele (8759) exhibited decreased DNA binding affinity ( Figure 2F ). Increasing the amount of unlabeled probes efficiently competed with the binding of the labeled probes. These results suggested that ZmMADS1 could directly bind to the sequence surrounding SNP-1245.
To further test the effect of SNP-1245 on ZCN8 expression, we performed a dual-luciferase transient expression assay in maize protoplasts ( Figure 2G ). Overexpression of ZmMADS1 significantly enhanced the activity of the luciferase (LUC) gene driven by the promoter from NIL(W22) containing the A allele at SNP-1245 ( Figure 2H ). However, when the A nucleotide of SNP-1245 in the NIL(W22) promoter was mutated to G, luciferase activity significantly decreased to a level similar to that associated with the NIL(8759) promoter ( Figure 2H ). Therefore, SNP-1245 has a significant effect on the activation of ZCN8 expression by ZmMADS1.
SNP-1245 Was Targeted by Selection and Contributed to Maize Latitudinal Adaptation
To examine the evolutionary origin of SNP-1245, we sequenced the promoter region flanking SNP-1245 in 34 diverse teosinte lines (Zea mays ssp. parviglumis, hereafter parviglumis) (Table  S2 ). The results showed that eight parviglumis accessions (23.5%) carried the SNP-1245A allele ( Figure 3A ), indicating that SNP-1245 is a standing genetic variant in parviglumis. However, the frequency of the SNP-1245A allele in tropical maize and temperate maize rose to 82% and 96%, respectively ( Figure 3A) , indicating that the early-flowering SNP-1245A allele is nearly fixed in the maize population. This dramatic increase of the SNP-1245A allele in the maize population indicated that the early-flowering SNP-1245A allele might have been under strong selection during domestication.
To examine whether selection has acted on SNP-1245, we analyzed the nucleotide diversity of the 2.1-kb region flanking SNP-1245 in diverse maize and parviglumis lines (Tables S2; Data S1). Maize lines carrying the late-flowering SNP-1245G allele retained 41% of the nucleotide diversity of their teosinte counterparts, whereas maize lines carrying the early-flowering SNP-1245A allele retained only 23% of the nucleotide diversity of their teosinte counterparts ( Figure 3B ). We performed coalescent simulations that incorporated the demography of maize domestication [25] to examine whether the retained nucleotide diversity near the SNP-1245G and SNP-1245A alleles can be explained by the demography of maize domestication alone. Interestingly, we detected significant deviation from the neutral expectation for the SNP-1245A allele but not the SNP-1245G allele ( Figure 3B ). These results suggested that the SNP-1245A allele was targeted by selection, thereby causing its rapid accumulation in maize.
Maize originated in southwestern Mexico and was spread across over 90 degrees of latitude during pre-Columbian times [1] . To determine whether SNP-1245 contributed to maize latitudinal adaptation, we genotyped SNP-1245 in 1,008 maize landrace accessions (Data S2) representing the entire pre-Columbian range of maize landraces native to the Americas [1, 26, 27] . The results showed that only 85 landraces carried the late-flowering SNP-1245G allele, most of which are restricted to low latitudes (Figure 3C) . In contrast, the early-flowering SNP-1245A allele accumulated to a predominant frequency throughout the Americas ( Figure 3C ). These results suggested that selection at SNP-1245 might have occurred during the early domestication of maize. (F) Electrophoretic mobility shift assay (EMSA) showing that SNP-1245 is associated with differential binding by ZmMADS1. Each biotin-labeled DNA fragment was incubated with GST-ZmMADS1 or GST proteins. Competition assays for the labeled probes were performed by adding an excess of unlabeled probes. The relative bound intensity was quantified with ImageJ software (http://imagej.nih.gov/ij/) (see also Table S4 ). Given that flowering time is not considered a maize domestication trait, it is not clear why SNP-1245A was selected during early domestication. Several hypotheses can be considered.
(1) Selection for earlier flowering could have restricted gene flow between incipient maize and teosinte (temporal genetic isolation) and thereby facilitated the domestication process.
(2) Crop populations exhibit more uniform flowering time and maturity as compared to wild species population that flower over a longer time interval [28] . Bringing incipient maize closer to fixation for SNP-1245A may have promoted a more synchronous flowering time and maturity. (3) Genes that affect flowering time frequently exhibited effects on inflorescence structure [7, [29] [30] [31] . Danilevskaya et al. (2011) [32] has shown that knocking down ZCN8 significantly affected inflorescence structure. Interestingly, we found that significant QTLs for ear diameter, tassel length, stem diameter, and ear branch number were also detected at region around ZCN8 in the maize-teosinte BC 2 S 3 population ( Figure S2A ), indicating that ZCN8 region is a QTL hotspot affecting many domestication and agronomic traits. Consistent with expectation, the maize allele exhibited effects of increasing ear size but decreasing ear branch number relative to the teosinte allele ( Figure S2B ). Therefore, SNP-1245A may have been selected for an effect on ear size and structure and the change in flowering time was a correlated response.
An Independent Association Block Upstream of SNP-1245 Across the 6.3-kb sequenced region around ZCN8, there exist two clear blocks of linkage disequilibrium (LD) (block 1 and block 2) ( Figure 1E ). SNP-1245 is located in block 1, which contained the majority of the detected associations for DTA under long days. In block 2, only one variant (Indel-2339, GAG > -variant, Table S2 ; Data S1). (E) Nucleotide diversity analysis of the region surrounding Indel-2339 in maize and teosinte. p M /p T indicates the amount of nucleotide diversity (p) retained in maize relative to that in teosinte. **Significant departure from the neutral domestication bottleneck model, p < 0.01 (see also Figure S3 ). (F) Geographic distribution of Indel-2339 alleles in 1,008 maize landraces native to the Americas (see also Table S4 ; Data S2). The inset shows the difference in latitude between the different allelic groups of Indel-2339. located 2.3 kb upstream of ZCN8) passed the Bonferroni corrected significance threshold (p = 1.82E-04) ( Figure 1D ). Indel-2339 was not in LD with SNP-1245 (r 2 = 0.019). Different from SNP-1245 that also exhibited significant associations with DTA under short days and photoperiod response, no significant associations were detected at Indel-2339 for the two traits. We should note that the teosinte and the maize parents of the six maize-teosinte mapping populations exhibited no allelic difference at Indel-2339 ( Figure 1F ). Therefore, Indel-2339 is not related to qDTA8 that was consistently detected in the six maize-teosinte populations. Indel-2339 represented another independent cis-regulatory variant of ZCN8. Several previous genome-wide association studies for flowering time also detected a few significant SNP associations near the ZCN8 region [15, 16, 33] . For instance, Bouchet et al. (2013) [15] performed 50K SNP-based genome-wide association mapping for flowering time in an association panel including 336 tropical and temperate American and European lines. The study detected a strong association at a SNP (PZE-108070380) located 3.3 kb upstream of ZCN8. The association at PZE-108070380 was further detected in a recent study using a large European collection of 1,191 maize flint lines [16] . PZE-108070380 corresponds to SNP-3366 in block 2 in our study, which showed a marginally significant association with DTA (p = 2.9E-03) in our association panel. PZE-108070380 was in strong LD with Indel-2339 (r 2 = 0.85). Given the stronger association of Indel-2339, Indel-2339 was used as a tag variant for block 2 in the subsequent analysis. At Indel-2339, maize lines carrying the 3-bp deletion (Indel-2339Del) flowered significantly earlier than those carrying the B73 reference allele (Indel-2339Ref) ( Figure S3A ), which is consistent with the findings for PZE-108070380 from previous studies [15, 16] .
To test the effect of Indel-2339 on gene expression, we cloned the promoter fragments from the W22 and Mo17 lines into the reporter constructs and compared their relative activity in maize leaf protoplasts ( Figure S3B ). W22 carried the Indel-2339Ref allele, while Mo17 carried the Indel-2339Del allele. W22 and Mo17 carried the same SNP-1245A allele. The assay showed that the Mo17 construct exhibited higher luciferase activity than the W22 construct ( Figure S3C ). When nucleotides GAG at the Indel-2339 site in the W22 construct was sitedirected deleted, the luciferase activity increased to a level of that of the Mo17 construct ( Figure S3C ). These results suggested that Indel-2339 has significant impact on gene expression.
In modern maize inbred lines, the early-flowering Indel-2339Del allele is at a low frequency (5%) in tropical maize but higher frequency (30%) in temperate maize ( Figure 3D ), potentially indicating that Indel-2339 might play an important role in maize adaptation to temperate regions. We analyzed the allele distribution of Indel-2339 in maize landraces. The results showed that the early-flowering Indel-2339Del allele occurs at a high frequency in northern United States ( Figure 3F) . In contrast, the Indel-2339Del allele showed a low frequency across South America (Figure 3F) , indicating a limited contribution of this allele to the spread of maize in South America. We analyzed the nucleotide diversity surrounding Indel-2339 and found that maize lines carrying the Indel-2339Del allele retained only 1.7% of the nucleotide diversity of teosinte in this region ( Figure 3E) , showing a typical signature of selection. This selection signal was reflected by the high LD in block 2 ( Figure 1E) . Interestingly, previous studies have also found that the ZCN8 region is located in a region of selection characteristic of flint germplasm [16, 34] . Taken together, we conclude that selection in block 2 might have arisen more recently and contributed to maize adaptation to northern high latitudes.
Selection at SNP-1245 and Indel-2339 Arose in a Stepwise Manner Using the third-generation Zea mays haplotype map (HapMap 3) containing ultra-high-density SNPs across maize genome, we examined the nucleotide diversity around ZCN8 in maize and teosinte. Interestingly, the promoter region of ZCN8 exhibited an obvious reduction of nucleotide diversity in maize relative to teosinte ( Figure S2C Figure 4A ).
To further reveal the evolutionary relationship of SNP-1245 and Indel-2339, we sequenced the promoter region of ZCN8 in two teosinte subspecies, including 34 accessions of Zea mays parviglumis and 11 accessions of Zea mays mexicana (hereafter mexicana) (Table S2) . Zea mays parviglumis is the direct ancestor of modern maize [1] , while introgression from Zea mays mexicana was important in the adaptation of maize to Mexican highlands [35, 36] . Phylogenetic analysis showed that most teosinte lines were basal to the maize lines, and maize lines separated into G-Ref, A-Ref, and A-Del haplotype groups that mixed with some teosinte lines ( Figure 4B ). Of particular interest, we found that haplotype A-Del resides with mexicana lines carrying the Indel-2339Del allele, indicating possible admixture from mexicana ( Figure 4B ). Consistent with this observation, Indel-2339 existed as standing variation in mexicana (Table S2 ). However, all sequenced parviglumis lines carried the same Indel-2339Ref allele (Table S2) . Different from Indel-2339, SNP-1245 existed as standing variation in both parviglumis and mexicana (Table S2 ). These results indicate that the early-flowering allele at Indel-2339 might originate from the introgression from mexicana.
Taken together, our data showed that the selection at SNP-1245 and Indel-2339 arose in a stepwise manner. The selection at SNP-1245 most likely arose during early domestication of maize, which fixed the previously existed low-frequency SNP-1245A allele. When maize was spread into Mexican highlands, requiring a shorter growth period, the early-flowering allele at Indel-2339 that most likely originated from mexicana introgressed into the SNP-1245A haplotype and was targeted by selection. This stepwise cis-regulatory evolution has been reported in the evolution of animal morphology [37] [38] [39] . Rebeiz et al. (2009) [38] showed that the adaptive evolution of melanism in a Ugandan population of D. melanogaster occurred through multiple, stepwise substitutions in one enhancer of the ebony locus. Recently, Glaser-Schmitt and Parsch (2018) [39] demonstrated that three SNPs within the CG9509 enhancer were targeted by selection, and they occurred in a stepwise manner to increase CG9509 expression and, as a result, reduce wing loading as D. melanogaster expanded out of sub-Saharan Africa. Our study highlights how different cis-regulatory variants at a gene can be selected at different evolutionary times for local adaptation in plants.
Additionally, our findings further enhance the notion that FT homologs played important roles in crop domestication or local adaptation [40] [41] [42] . For example, Blackman et al. (2010) [40] demonstrated that changes affecting the expression, sequence, and gene interactions of Helianthus annuus FT paralogs have played key roles during the early domestication of sunflower. . The left y axis shows the phenotypic value (days to anthesis) of each haplotype (red bars); values are represented as the mean ± SD. The right y axis shows the nucleotide diversity (p) of each haplotype (blue bars) (see also Figure S2 ; Table S2 ). (B) Phylogenetic analysis of the promoter region around ZCN8 in maize and teosinte (see also Data S1). Lines belonging to G-Ref, A-Ref, and A-Del are indicated in green, blue, and pink, respectively. Zea mays parviglumis and Zea mays mexicana are indicated in red and saddle brown, respectively. (See also Data S1.) (C) A polygenic map for the pre-Columbian spread of maize throughout the Americas. Matsuoka et al. [26] , the 1,008 maize landraces were divided into five major geographic groups, corresponding to the US, northern Mexico, southern Mexico, northern South America, and western South America, which are indicated by different colors in the map. Races exhibiting post-Columbian movement [1, 26] were excluded in this analysis. The right panel shows the allele frequency of the early-flowering alleles of four genes (Vgt1, ZmCCT9, ZmCCT10, and ZCN8) in the five geographic groups across the Americas (see also Figure S2 , Tables S3 and S4 , and Data S2). controlling maize flowering time, including ZmCCT9, ZmCCT10, Vgt1, and ZCN8, which we report in this study, had been well characterized to play important roles in maize flowering-time adaptation. A common feature of these cloned loci is that functional variation at all of them is due to cis-regulatory polymorphisms. Vgt1 is a major maize flowering-time QTL, and a miniature transposon (MITE) located $70 kb upstream of ZmRap2.7 was shown to be the causative variant of Vgt1 contributing to maize adaptation to temperate regions [17, 43, 44] . Yang et al. (2013) [18] found that a CACTA-like transposon insertion within the ZmCCT10 promoter represses ZmCCT10 expression, rendering maize insensitive to long days. We recently reported a Harbinger-like transposon insertion located $57 kb upstream of ZmCCT9 that functions as a cis-acting repressor of ZmCCT9 to enhance maize adaptation to higher latitudes [45] . In this study, we found that two natural cis-variants in the promoter of ZCN8 were targeted by selection in a stepwise manner, thereby contributing to maize floweringtime adaptation.
To obtain an overall understanding of the relative contributions of the four genes during the pre-Columbian spread of maize throughout the Americas, we analyzed the allele distribution in the landraces used in the studies of Matsuoka et al. (2002) [1] and Vigouroux et al. (2008) [26] (Data S2). As shown in Figure 4C , among the five early-flowering alleles of the four genes, the earlyflowering SNP-1245A allele of ZCN8 is at a predominant frequency throughout the Americas. Hence, the SNP-1245A allele of ZCN8 might be the first to be selected. In contrast, the other four early-flowering alleles rose to a high frequency when maize spread into northern United States, indicating that these alleles made specific contributions to northward expansion in North America. Interestingly, all four of these early-flowering alleles are at a relatively low frequency in South America. These results suggest that the latitudinal adaptation of maize in South America might have involved a different set of alleles or genes.
Recent advances in ancient genomics allowed us to directly track genetic changes through time. Vallebueno-Estrada et al. [48] sequenced fifteen 1,900-year-old maize cobs from Turkey Pen Shelter (TPS) in the southwestern United States. We examined the allelic states of the five flowering-time loci in these archaeological maize specimens (Table S3 ). Due to the limited sequencing depth, only two Tehuacan maize specimens (SM10 and Tehuacan162) have read coverage in the five loci for the analysis (Table S3 ). SM10 and Tehuacan162 carried the later flowering alleles SNP-1245G and Indel-2339Ref at ZCN8 but the early-flowering alleles of transposon insertions at ZmCCT9 and ZmCCT10. This result is somewhat contradictory to the patterns observed in the analysis of modern landraces, wherein the early-flowering allele SNP-1245A of ZCN8 appeared to accumulate earlier than the transposon insertions at ZmCCT9 and ZmCCT10. However, this observation should be interpreted with caution. Because these loci segregated in maize and only two Tehuacan maize genomes had data for analysis, it is hard to determine the allele distribution of these loci in the Tehuacan Valley 5,000 years ago and thus make an accurate inference on their evolutionary states. More Tehuacan maize should to be examined in the future analysis. By contrast, the picture for Turkey Pen maize is much clearer due to the large sequenced samples. Notably, all Turkey Pen maize specimens carried the early-flowering alleles of the five loci except Vgt1, indicating that, 1,900 years ago, Turkey Pen maize already maintained the alleles conferring early flowering. Interestingly, none of the examined archaeological maize specimens carried the MITE insertion at Vgt1 that conferred early flowering, indicating the selection for MITE most likely occurred after 1,900 years ago. Taken together, our data suggest that the pre-Columbian spread of maize throughout the Americas is a complex and gradual process, wherein numerous genetic loci involved and were selected at different evolutionary times for local adaptation.
In summary, we demonstrate that ZCN8 underlies a major flowering-time QTL that was consistently detected in multiple maize-teosinte experimental populations. ZCN8 plays an important role in regulating the natural variation in flowering time in maize, which is mostly mediated by two independently associated variants in the promoter region of ZCN8. One of these two variants is a SNP that was found to be associated with differential binding by the flowering activator ZmMADS1. Both cis-regulatory variants were targeted by selection, consequently resulting in two closely linked selective sweeps in the ZCN8 promoter. These two selection events arose in a stepwise manner and played distinct roles as maize spread from its tropical origin to temperate zones. Our study highlights the importance of stepwise cis-regulatory evolution in local adaptation. By integrating current knowledge on maize flowering-time adaptation, we propose a polygenic map for the pre-Columbian spread of maize throughout the Americas.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: were collected around the V4 stage. Total RNA extraction, purification, and quantitation, first-strand cDNA synthesis and qRT-PCR analysis were performed as described previously [45] . ZmTubulin1 was used as an internal control.
Generation of ZmMADS1 overexpressed lines
The coding sequence of ZmMADS1 was amplified from B73 cDNA and cloned into the binary vector pCUNm-eGFP under control of the Ubiquitin promoter. This construct was introduced into the maize inbred line B73 via Agrobacterium tumefaciens-mediated transformation [60] . The transgenic seeds were created by the maize functional genomics project of China Agricultural University. Mature leaves of T2 transgenic plants and wild-type were collected around floral transition stage to examine the expression levels of ZmMADS1 and ZCN8 using qRT-PCR method. Three biological replicates were sampled for the T2 transgenic line and the wild-type.
Electrophoretic mobility shift assay
The full-length CDS of ZmMADS1 was amplified and subsequently cloned into the expression vector pGEX-4T-1. The resulting plasmid was introduced into Rosetta(DE3), and GST-tagged ZmMADS1 was purified with BeaverBeads TM GSH (BEAVER). Oligonucleotide probes (Table S4 ) were synthesized and labeled according to the standard protocol by Shanghai Invitrogen Technology. Electrophoretic mobility shift assay (EMSA) was performed using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher) according to the manufacturer's instructions. Signals were visualized by X-ray film exposure.
Protoplast transient expression assay
To examine the impact of ZmMADS1 on the expression of ZCN8, we performed a dual-luciferase transient expression assay in maize leaf protoplasts. The coding sequence of ZmMADS1 was cloned into the pGreenII 62-SK vector under the control of the 35S promoter generating the effector construct. For the reporter construct, a $2.0-kb fragment of the ZCN8 promoter from NIL(W22) and NIL(8759) was cloned into pGreenII 0800-LUC to drive the firefly luciferase (LUC) gene. In the same construct, a Renilla luciferase (REN) reporter gene under control of the CaMV 35S promoter was used as an internal control to evaluate the protoplast transfection efficiency. To test the effect of Indel-2339 on gene expression, $3-kb promoter fragments from the W22 and Mo17 line were amplified and cloned into the reporter constructs. The site-directed mutation was introduced with specific primers using standard oligonucleotide-directed intro mutagenesis methods. Maize leaf protoplast preparation and subsequent transfection were performed as described previously [45] . Firefly LUC and REN activities were measured using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Relative firefly LUC activity was calculated by normalizing LUC activity to REN activity. Five biological replicates, each with two technical replicates, were assayed per construct.
Genotyping SNP-1245 and Indel-2339 in landraces To genotype SNP-1245 in the maize landraces, a cleaved amplified polymorphic sequences (CAPS) marker was developed (Table  S4 ). The genotypes of Indel-2339 in the maize landraces were determined electrophoretically on 8% polyacrylamide denaturing gels. [48] were downloaded from NCBI (accession number PRJEB16754, PRJNA352392 and PRJNA386191). A total of 19 archaeological maize samples were sequenced in the three studies, including four 5000-year-old maize specimens from the Tehuacan Valley [46, 47] and fifteen 1900-year-old maize cobs from Turkey Pen Shelter in the southwestern United States [48] . The read processing and mapping followed the previous studies [46] [47] [48] . Filtered reads were mapped to the maize reference genome AGPv3.29 [61] using bwa mem v0.7.10 [62] . The genotypes of SNP-1245 and Indel-2339 at ZCN8, the MITE insertion at Vgt1, the CACTA-like transposon insertion at ZmCCT10 and the Harbinger-like transposon insertion at ZmCCT9 in the 19 ancient samples were determined by examining the read mapping at the corresponding regions.
Analysis of ancient genomes
QUANTIFICATION AND STATISTICAL ANALYSIS
QTL mapping
Using the 866 maize-teosinte BC 2 S 3 RILs, we previously performed QTL mapping for DTA under long day conditions [4, 7] . The five newly constructed maize-teosinte BC 1 S 4 RIL populations were scored for DTA in Wisconsin (43 N, 89 E), USA, for two years from 2015 to 2017. For each RIL, the average flowering time over the two years was used as the phenotype in QTL mapping. A modified version of R/QTL software [50] that considers the pedigree of the RILs was used for QTL mapping. The procedure employed for QTL mapping was previously described [7, [56] [57] [58] [59] 63] . Briefly, the scanone command, which implemented Haley-Knott regression, was first used to identify an initial QTL list for multiple QTL fitting [50] . The multiple QTL model was evaluated using a drop-one ANOVA. The position of each QTL in the model was refined using the refineqtl command. The likelihood ratio test was used to measure the improvement of the model. Finally, additional QTLs was searched using the addqtl command. The ANOVA and refineqtl procedures were repeated until no other significant QTLs could be added. A total of 1000 permutation tests were performed to determine a logarithm of odds (LOD) threshold for claiming QTLs at p < 0.05. A 2-LOD support interval was determined for each QTL.
